Comparison of the VLA FIRST survey with various catalogs of bright stars allows an examination of the prevalence of stellar radio emission independent of optical selection criteria. This FIRST unbiased survey for radio stars covers nearly 5000 deg 2 of the northern sky to a flux density limit of 0.7 mJy at 20 cm.
Introduction
It has been 56 years since the Sun was recognized as the first radio-emitting star (Hey 1973) . The subsequent history of stellar radio astronomy can be neatly divided into two eras of 28 years each (cf. Hjellming 1988) . In the first , sensitivity limitations and source confusion left the Sun as the sole member of the class of radio stars, despite early attempts to categorize all radio sources with this epithet (Ryle, Smith, and Elsmore 1950) and, later, unconfirmed reports of enormous flares from nearby red dwarfs (Lovell 1964) 1 . The dawn of the second era ocurred in 1970 with the opening of the Westerbork and Green Bank radio interferometers which, for the first time, provided routine source localization to a few arcseconds and pushed sensitivity thresholds to ∼ 10 mJy. While still insufficient to detect a solar clone at even a few parsecs, observations with these instruments quickly identified several classes of stellar radio sources: novae (Hjellming and Wade 1970) , Algol-type systems (Wade and Hjellming 1972) , RSCVn binaries (Hjellming and Blankenship 1973) , massive O-star binaries (Gibson and Hjellming 1974) , and even some of the newly discovered X-ray binary systems (Hjellming and Wade 1971; Braes and Miley 1971) . With the advent of the Very Large Array (VLA) ten years later, stellar radio astronomy blossomed such that there are now nearly 1000 stars that have been detected at least once as a source of centimetric emission.
In virtually all cases, however, stellar radio detections have resulted from targeted observations of stars selected on the basis of their optical and/or X-ray properties. While this approach has expanded the number of stellar types detected to include pre-main sequence stars (Cohen, Bieging, and Schwartz 1982) , ultra-fast rotating ZAMS G and K 1 dMe flare stars were, in fact, subsequently detected both in outburst and in quiescence (Spangler, Shawhan, and Rankin 1974 and references therein; Davis et al. 1978; Gary and Linksy 1981) -4 -stars (Lim and White 1995) , various types of cataclysmic variables (e.g., Chanmugam and Dulk 1982; Padin, Davies, and Bode 1985; Turner 1985) , chemically peculiar A and B stars (Drake et al. 1987) , and numerous classes of objects displaying strong stellar winds (White and Becker 1982; Abbott et al. 1986 ), such samples suffer from two drawbacks: 1) the construction of stellar radio luminosity functions can be compromised by the optical selection criteria, and 2) the discovery of new and unexpected types of stellar radio sources is, by definition, excluded. An unbiased, large-area sky survey avoids both these problems, and it is the first results from such a survey that we describe here.
It has taken over half a century to begin such a survey for the simple reason that most stellar radio sources are faint. Prior to the inauguration of the National Radio Astronomy Observatory's 2 VLA sky survey program in 1993, the best available sky surveys were constructed from single-dish and meter-wave interferometric instruments, and had sensitivities in the range 30-100 mJy. Fewer than twenty of the ∼ 100, 000 sources catalogued in these efforts are stars. The factor of fifty improvement offered by the Faint Images of the Radio Sky at Twenty-cm (FIRST) we are now collecting with the VLA offers us the opportunity to construct the FIRST unbiased stellar survey with a realistic chance of substantially enhancing our knowledge of the radio emission from stars.
Sensitivity alone, however, is not sufficient for a successful survey for radio stars; astrometric accuracy is also essential. The low surface density of optically bright stars might suggest that arcsecond radio positions are not important, but this is not the case:
the rarity of stellar radio sources coupled with the high surface density of faint extragalactic radio sources conspire to drive the chance coincidence rate to an unacceptable level for radio positions worse than ∼ 1 (cf. Condon, Kaplan, and Yin 1997) , even, as we show 2 The National Radio Astronomy Observatory is a facility of the National Science
Foundation operated under cooperative agreement by Associated Universities, Inc.
-5 -below, when the optical magnitude limit of the stellar sample is relatively bright (m v ∼ 10).
Thus, it is our radio survey's unique combination of high sensitivity and high astrometric accuracy that allows us to carry out this FIRST unbiased survey for radio stars.
In section 2, we describe briefly the FIRST survey, concentrating on its features germane to a stellar radio source search. We then proceed to describe in turn the optical catalogs we have used to identify radio emitting objects, including a discussion of how matches were selected for each and the resulting list of identifications. We detect a total of 26 stellar radio sources in our 4760 deg 2 area, doubling the number of objects known heretofore in this high Galactic latitude region. Section 4 relates how, using stars with high-precision positions, we have searched the FIRST image database in order to lower the survey threshold to 0.7 mJy. The effect of radio star variability on our search is explored in section 5. Following a brief discussion of the radio stars we have detected, we highlight in section 6 the prospects for a substantial expansion in the number of FIRST stellar identifications which will derive from a comparison with the Guide Star Catalog-II. We conclude ( §7) with a summary of our survey.
The FIRST Survey
Since April of 1993, we have been using the VLA to construct the centimetric equivalent of the Palomar Observatory Sky survey. Observations are conducted in the B configuration in bandwidth-synthesis mode with fourteen 3 MHz channels centered at 1400 MHz (20cm).
Overlapping snapshots of 165 s duration are conducted along a strip of constant declination each day to produce a raw database of "grid" images, one for each pointing. Subsequent processing produces a set of 35 × 45 "coadded" images from the thirteen overlapping fields which contribute to each location; the catalog of radio sources derived from these images forms the basis of this survey for radio stars. • covering a total of 610 deg 2 . The 5.4 synthesized beam 3 of the array in this mode allows us to detect source structure down to scales of 2.5 , and, along with our careful treatment of astrometric calibration, allows us to obtain positional accuracies for all sources down to the survey threshold at 1 mJy of better than 1 (90% confidence). As we show below, this positional accuracy is crucial in reducing the rate of false coincidences with optical stars to a manageable level.
A complete description of the survey observations, the data reduction, and the procedures used in constructing the source catalog may be found in Becker, White, and Helfand (1995; hereafter BWH) and White et al. 1997 (hereafter WBHG) . Public access to all images and catalogs, along with the survey coverage map and other relevant details, are available through the FIRST Website at http://sundog.stsci.edu/.
Matching with Selected Stellar Catalogs
Over 99.9% of the 437,429 sources in the current FIRST catalog are extragalactic objects. Our principal means of obtaining optical identifications for these sources is by constructing a match based on positional coincidence with the Cambridge Automated Plate Machine (APM) catalog of optical objects derived from the POSS I plates (McMahon et al. 1998) . For stellar radio sources, however, this procedure fails owing to the significant 3 In the northern portion of the survey, a circular 5.4 convolving beam is used to construct the CLEANed images; in the southern Galactic cap, the restoring beam is 5.4 × 6.4 to take into account the squint of the Array's synthesized beam at southern declinations.
-7 -proper motions (typically several arcseconds) experienced by nearby stars in the forty years between the two surveys (see §3.5 below). Thus, we restrict our final list of identifications in this paper to stars found in optical catalogs which contain proper motion information.
Hipparcos
The June 1997 release of the Hipparcos catalog contains positions, proper motions, and parallax measurements for ∼ 120, 000 selected stars brighter than m v ∼ 11 (Perryman et al. 1997) . For each of the 13,302 Hipparcos stars lying within the FIRST survey area, we have calculated stellar positions for the epoch of the relevant FIRST observation and then matched the resulting catalog to the FIRST radio catalog (98Feb04 version).
It should be noted that the FIRST observation epoch is usually, but not always, unambiguous; each coadded image from which the radio catalog is derived (BWH) is, as noted above, a weighted mean of thirteen overlapping pointings and, while typically all such pointings are made within a week or two of each other, at the boundaries of each year's coverage and in the case of the small number of fields reobserved in later years when the original data were corrupted, a single coadded image can contain data taken up to three years apart. In the vast majority of cases, the net proper motion over even this maximum interval is a small fraction of the synthesized beam, and the smearing of the source which results is undetectable. Furthermore, only one star with a proper motion > 0.7 per year (leading to a potential centroid shift of > 1 in noncontemporaneous images) fell within 30 of a FIRST source (and this source is an obvious extragalactic triple), rendering this issue largely academic. As the FIRST survey continues, however, the interval between the Hipparcos and FIRST observation epochs will grow. Thus, in calculating FIRST source epochs, we have derived a flux-weighted value which takes into account the facts that 1) for a variable source, the catalog position may be dominated by a single observation in which -8 -the source is bright, and 2) for all sources, the dominant contribution to the cataloged properties comes from the observation(s) in which the source is closest to the grid pointing field center (see Table 1 , footnote 3).
We have calculated the positional uncertainties for the stars by adding in quadrature the quoted uncertainties in the optical coordinates and in the star's proper motion after extrapolating to the FIRST epoch from 1991.25 (the Hipparcos standard epoch). Position uncertainties for potentially matching radio sources depend only on their extent and the signal-to-noise ratio at which they were detected, and were computed as described in WBHG. All stars whose offsets from the nearest catalogued radio source were < 35 were tabulated in order to derive an empirical false coincidence rate; 304 objects met this criterion. Sources for which the offset was less than three times the quadrature sum of the stellar and radio source positional uncertainties were retained as potential identifications.
Ten Hipparcos stars are coincident with a source in the FIRST catalog to better than 1.0 ; in all cases the match is good to within 2σ of the combined uncertainties in the radio and optical positions. The expected false rate, derived from the matches between 2 and 35 , as well as from a match to a fake catalog of radio sources offset by 5 from the real catalog, is 0.24 ± 0.01 matches. Three additional stars lie between 1 and 2 from FIRST catalog entries and have positions consistent within 2.2σ. The expected rate for chance coincidences at separations < 2 is 0.96 ± 0.04, so it is possible that one of these is a false match. However, an a posteriori calculation of the false rate using the magnitude distribution of the detected stars suggests this is unlikely: all 13 stars have m v < 8.5, and the false rate within 2 for this subset of the Hipparcos catalog is only 0.40.
Two additional stars with offsets of 4.9 and 7.8 , respectively, have positions consistent to between 2 and 3σ (the uncertainties are large because of large proper motions); however, since the total number of stars between 2 and 10 is 24 with an expected false rate of 23.1, -9 -it is not statistically likely that these are real detections.
Of the thirteen matches, all are radio point sources 4 with flux densities < 6 mJy, lending further credence to the identifications; indeed, if we restrict the match to radio sources with major axes < 2.5 (our limit for detecting source extent), the false rates are reduced by an additional factor of 2.2 to 0.18 within 2 . (In contrast, the two stars with larger but consistent offsets mentioned above are both extended.) Thus, we are reasonably confident that all thirteen stars are truly radio emitters. Six of these objects have been detected previously at radio wavelengths and seven are newly discovered radio stars.
Given the well-established correlation between stellar X-ray and radio luminosities (e.g., Gudel and Benz 1993) , the detection of our candidate radio stars as X-ray sources
would add yet another piece of confirming evidence that the radio detections are correct.
We have thus queried the High Energy Astrophysics Science Archive Research Center's
Master Catalog of X-ray sources at the positions of each of our detected stars. Eleven of the thirteen are detected in the ROSAT All-Sky Survey Bright Source Catalog (RASS-BSC Voges et al. 1996) ; several of these were also observed by previous X-ray astronomy missions. In contrast, only 1.4% of all Hipparcos stars in the FIRST region are detected in the RASS-BSC.
Of the two stars not previously reported as X-ray sources, one is a known binary and IRAS source (FIRST J141600.0+564120), and the limit on its radio to X-ray flux ratio is not far outside the range observed for the stellar radio source population as a whole. The 4 The star at RA(J2000)= 14 h 15 m 59 s .89, Dec(J2000)= +56
• 41 21 .7 is listed in the FIRST catalog as having an extent of 8 ; however, examination of the FIRST images shows a pointlike source superposed on a low-level stripe in the map, which is the cause of the spurious major axis reported.
-10 -other star, however, is somewhat extreme (FIRST J142104.8+385914). It is the brightest radio coincidence we detect and, while four independent observations over six days show it to be variable at the 20% level (see §5), we have clearly not simply recorded a single, anomalously bright radio flare. In the L x − L r diagram (Gudel and Benz 1993) , this star lies a factor of 30 below the mean X-ray luminosity for its radio brightness, and nearly an order of magnitude below the most extreme example of a radio-bright/X-ray-quiet star.
Subsequent observations may reveal that this is an example of a new type of radio star which optically selected samples have missed 5 .
The thirteen radio star detections are listed in Table 1 , where we include the radio source position, its epoch, its offset from the Hipparcos position, and the 1σ uncertainty in the offset which, in this case, is dominated by the radio source positional uncertainty. Also listed are the star's name (if any), magnitude and parallax distance from the Hipparcos catalog, the stellar system's classification (if known), and the star's spectral type. The 20-cm peak flux density of the source from the FIRST catalog is given in column 9; the same quantity from the NRAO VLA Sky Survey (Condon et al. 1998 ) is also given for the few sources detected, along with an indication if the star is a previously known radio source.
The star's X-ray count rate in the RASS-BSC is also included. The provenance of the star (in this case, the Hipparcos catalog) and the radio source (in this case, the FIRST catalog)
are given in columns 12 and 13. Optical and radio variability information is supplied in the final column. A more detailed description of all this information is provided in the footnotes to the Table. 5 or that it harbors little green persons broadcasting their presence.
-11 -
Tycho
The Tycho catalog, derived from a separate experiment on the Hipparcos mission, contains 1,058,332 objects down to m v ∼ 13 (Høg et al. 1997 the galaxy is a plausible identification for the radio source.) While these are true radio detections of Tycho catalog objects, they are clearly not radio stars. Thus, with 8 remaining detections and an expected false rate of ∼ 6, at most a few are real matches. Examination of the radio images shows that two are classical extragalactic radio doubles, and a third is an unflagged sidelobe; these account for half of the expected number of chance coincidences.
The other six matches are all consistent with point sources, are isolated, and have flux densities ≤ 2 mJy. None has previously been reported as a radio emitter, although one -12 -is detected in the RASS-BSC, strongly suggesting it is a real detection (only 0.4% of all Tycho stars in our region are BSC sources); we include this object in Table 1 . In view of the fact that several of the remaining stars may be chance coincidences, we segregate these from the far more secure Hipparcos detections in Table 2A; Table 2B is reserved for the clearly non-stellar matches from the Tycho catalog which we record for completeness.
PPM
Prior to the recent release of the Hipparcos data, the Positions and Proper Motions
Catalog (Röser and Bastian 1991) was the primary reference for deriving current epoch positions of stars brighter than m v ∼ 12. The errors on the positions and proper motions are in general considerably larger than those now available, but we included a match as a test of the completeness of the two newer catalogs. At a matching radius of 2 , all of the PPM candidate radio sources appear in the Hipparcos list and, as a result, we will not discuss further data from this catalog.
Stars within 25 pc
Gliese and Jahreiss 1991 have compiled from the literature a list of all stars whose parallax measurements place them at distances of less than 25 pc from the Sun. The catalog by no means represents a complete volume-limited sample, but it does include proper motions for each entry, allowing us to calculate a FIRST-epoch position; since this list includes many stars fainter than the Tycho survey limit, we have included it in this study.
A total of 571 stars from this tabulation fall within the confines of the FIRST survey, of which nearly half are not found in any of the above catalogs. Again, positional uncertainties were calculated by combining the position and proper motion uncertainties in quadrature.
Since these uncertainties were often quite large (e.g., owing to early epoch proper motion measurements), we examined a contour plot of the radio image for a 1 region around each star to assure that no potential candidates with flux densities > 0.7 mJy (see §4) were missed. The ten stars for which there was a source within this region were followed up in order to ascertain the best astrometric parameters available from the literature.
This procedure yielded four matches with offsets of < 2 , two of which are in Hipparcos and two of which are new. The expected false rate is only 0.03 matches within this radius, making the IDs virtually certain. While neither of the two new stars has been previously reported as a radio emitter, one is classified as a BY Draconis system and the other is a dMe star with strong Ca H&K emission. Both are radio point sources with peak flux densities of ∼ 2.5 mJy, and both are bright X-ray sources. Their other properties are summarized
in Table 1 where their provenance is listed as "25pc sample". The remaining six stars all had final offsets between 10 and 30 , consistent with the expected false rate, and are not considered further here.
The Guide Star Catalog
The Guide Star Catalog-I (GSC) is a compilation of all optical objects brighter than (Lasker et al. 1990 ). In WBHG, we presented preliminary results for a match of the GSC to the first 1550 deg 2 of the FIRST survey. Nearly 500 objects classified as "nonstellar" (i.e., galaxies) were detected in FIRST with an expected chance coincidence rate of less than 1. In addition, 182 objects listed in the GSC as stellar also had FIRST counterparts, although we showed that the majority of these were misclassified galaxies, and that most of the remaining previously uncataloged objects were statistically indistinguishable in their radio and optical properties from the known galaxies. Only 12 -14 -objects were certifiably Galactic stars, only modestly in excess of the expected false rate.
The potentially significant proper motions in the 10-to 20-year interval between the GSC plates and the FIRST survey required us to adopt a looser matching criterion of 3 for that analysis.
Any match between FIRST and the GSC is, then, problematic for two reasons: proper motions and misclassification of galaxies as stars. Since a substantial fraction of bright galaxies are detected by FIRST, even a small percentage of misclassifications in the GSC can lead to contamination which overwhelms the small number of real stellar radio source identifications. Nonetheless, with the available radio survey area now tripled in size, and the benefit of the Hipparcos data to provide unambiguous identifications, we have undertaken a reanalysis of the GSC-FIRST match. For each of the ∼ 2400 GSC objects which matched a FIRST radio source to within 2 , we produced 2 -square cutouts from both the Digitized Sky Survey and the FIRST images. Each was examined by two of us (RHB and DJH) to extract a list of objects that were not obviously galaxies. A total of 204 objects remained after this initial screening. We performed searches on each position in the NED 7 and SIMBAD databases in order to identify remaining extragalactic objects.
Of the 204 objects within 2 remaining after visual inspection, 15 were bona fide radio stars discovered in the catalog matches chronicled above. Another 64 can be confidently eliminated as galaxies with measured redshifts listed in NED (half classified as galaxies and half as stars in the GSC). An additional 34 objects are almost certainly galaxieseither they are listed in NED as such (albeit, without measured redshifts) or they are IRAS sources with the far-infrared colors typical of galaxies (more than two-thirds of this group Administration.
-15 -are classified as stellar in the GSC). Finally, eight other objects are identified quasars (all appropriately classified as stellar). Thus, we are left with 82 objects, more than two-thirds of which are classified as stars.
In order to decrease further the extragalactic contamination, we checked the classifications of these objects in the APM catalog (see McMahon et al. 1998 for a discussion of the APM classification reliability). Twenty-two objects were classified as non-stellar on both the red and blue POSS-I plates; since only one of the 23 known stars or quasars discussed above was classified as non-stellar on both plates, it seems reasonable to eliminate these 22 from further consideration. Likewise, 28 of the sources are classified as stellar on both plates, and since only 1/98 of the galaxies or probable galaxies discussed above were so classified, these objects are likely stellar candidates. This leaves 32 objects classified as stellar on one plate and non-stellar on the other for which no other information is available.
Sixty-two percent of the known stars and quasars and 43% of the known or probable galaxies also fall in this category. For completeness, we retained these objects as candidates.
There remain, then, 60 candidate radio stars from the GSC match that are not eliminated by the above analysis. One of these stars is detected as a bright X-ray source in the RASS-BSC. An optical spectrum obtained as part of a followup program of BSC-selected FIRST sources shows it to be a dMe star, and we include this as a definite detection in Table 1 .
A false rate for the GSC was derived by matching with a false catalog of FIRST positions generated by shifting each entry 5 . As we did not repeat the elaborate filtering operation described above on this false match set, the rate we derive is a conservative upper limit. However, it is a reasonable estimate since the categories of sources the screening eliminated make up a minor portion of the GSC catalog: 1) the number of quasars in the GSC is tiny, 2) the number of galaxies in the whole catalog is also small (we find a large -16 -number in the real FIRST match because the radio survey preferentially selects galaxies), and 3) the number of nominal GSC stars classified as galaxies on both POSS plates by the APM is only ∼ 8%. The expected number of false matches to objects classified as stellar in the GSC is ∼ 60 within our adopted 2.0 radius, essentially equal to the number of new GSC stellar candidates. We do not list these here, because, while up to ∼ 10 may be real detections, the chance coincidence rate is too high for any useful statements to be made.
Image Database Search
As described in WBHG, the FIRST source catalog has a flux density threshold of 1.0 mJy and a source significance threshold of 5σ. Owing to the presence of "CLEAN bias" in VLA images (see BWH for a discussion), a 1.0 mJy threshold corresponds to a measured map flux density of 0.75 mJy. The survey is > 95% complete for point sources at this threshold. However, the median image rms is 0.14 mJy, and a significant fraction of the survey area has noise levels of ∼ 0.10 mJy. In addition, given a precise optical position for a source of interest, lowering the source significance threshold below 5σ is feasible, since the number of trials performed is drastically lower than in an unbiased search of the survey's 12 billion pixels.
In order to take advantage of the additional information contained in the images themselves, we have supplemented our catalog search with a direct source search at the positions of the 13,302 Hipparcos stars that fall within FIRST images. Our standard source-finding algorithm HAPPY (see WBHG for a complete description) was run on 1 square boxes centered at each stellar location with the threshold set at 0.45 mJy (corresponding to a CLEAN-bias corrected flux density of 0.7 mJy). The algorithm search was truncated if it found more than five sources in a single box (indicative of a noisy image).
Since the noise in VLA snapshot images is not strictly Gaussian, we determined the rate of -17 -false hits empirically by retaining all sources that matched a stellar position (always known to better than 0.1 ) to within 10 .
Of the > 13, 000 1 arcmin 2 boxes searched, 47 yielded "detections" above the specified map threshold of 0.45 mJy within 2 of the stellar position. Each of these was examined by eye in order to assess the local noise properties of the map, eliminate unCLEANed low-level sidelobes, and eliminate cases in which the detection represented a component of a larger, extended source. Twenty-two sources survived this screening, of which 13 are Hipparcos stars identified above. Of the nine new objects, four are previously known radio stars, lending considerable credence to our methodology. All four of these stars, plus three of the remaining five sources, are detected in the RASS-BSC; in addition, these seven stars are all brighter than m v = 8.5, while only 40% of all Hipparcos stars (but 100% of our cataloged detections) are this bright. We conclude that these seven are high-probability radio star detections and list their properties in Table 1 .
The two objects missing from the RASS-BSC are both A stars. Both have offsets near the acceptable limit of 2 and are near the limit of detectability in their respective radio images. A false rate calculation based on the total number of unscreened candidates with offsets in the range 5 to 10 is consistent with both being chance coincidences. Without followup confirmation, these detections must be treated as provisional and we include them in Table 2A .
For stars in the Hipparcos catalog, then, the effective threshold of our survey for stellar radio sources is 0.7 mJy when the CLEAN bias of 0.25 mJy is added to the map flux densities. The survey is not, however, complete to this threshold, since over nearly half the survey area, the noise level is such that a 0.45 mJy map flux density would not represent a 3σ detection.
The large number of trials necessary to repeat this procedure for the Tycho catalog -18 -and, as important, the less accurate Tycho positions, renders such an exercise unproductive.
The same comments apply to the GSC. For the 25pc catalog, we have effectively conducted this deeper survey by examining each image containing a catalog entry by eye.
Accounting for stellar variability

Variability of the detected stars
Stellar radio sources are almost all highly variable objects. For each star in Tables 1   and 2 as well as those in the GSC match list, we have derived a flux density or upper limit from each grid image in which it appeared (see Helfand et al. 1999 (in preparation) for the details of our source variability database and analysis procedures). Six of the 16 stars detected in at least one of the grid images show clear (> 4σ) evidence of variability. Of these, 4 sources are also detected in the NVSS, and one additional variable is confirmed via that comparison. Maximum and minimum flux densities are recorded in the final column of Table 1 , where we also include optical variability information from the Hipparcos catalog.
Since only a tiny fraction of FIRST sources are variable (< 10 −3 ; Helfand et al. 1997) , this relatively large representation of variable sources is yet further confirmation that the stellar identifications are correct. In contrast, none of the stellar candidates from the GSC match are variable, consistent with our conclusion that virtually all are false coincidences.
Searching for additional sources
A final search with the Hipparcos and Tycho catalogs takes advantage of the inherent variability of radio stars and the overlapping coverage of the FIRST survey design. Nearly every point in the survey area is observed more than once (from two to five times), with time differences ranging from 3 minutes to 3 years. Thus, a flaring source could conceivably -19 -appear above threshold in a single image, while falling below the threshold in the final map after several observations of the star in the quiescent state are averaged in.
Before producing the final FIRST coadded images, we run our source detection algorithm on each of the individual "grid" pointings, generating a catalog of over 1,425,000
sources, many of which are multiple entries. Matching the Hipparcos positions to this catalog yields four additional sources coincident to within 2 (all four have offsets ≤ 1 ).
One of these also appears in the detailed image analysis for sources below the nominal survey threshold reported above( §4) and so already appears in Table 1 . The second detection is of a 1.2 mJy point source that is coincident with a m v = 7.5 G2V star. Since even for this larger catalog, the chance coincidence rate is only ∼ 1.4 for the entire Hipparcos catalog and ∼ 0.4 for stars brighter than m v = 7.5, this match is likely to be real; as it is also detected as a bright RASS-BSC source, we include it in Table 1 . The third candidate, an 11 mJy "source" is actually a sidelobe from a 3 Jy source ∼ 12 away (such objects usually do not make it into the FIRST catalog because they are either eliminated in the weighting and coadding of the thirteen overlapping pointings which comprise a final image, or they are flagged explicitly as sidelobes by an algorithm we have designed expressly for that purpose). The fourth star has the largest offset (1.03 ), is the faintest (m v = 9.8), and is of spectral type F8. These latter two candidates, neither of which are X-ray detected, most likely represent the expected ∼ 2 chance coincidences, and we include them in Table 2B where the other unlikely candidates are collected.
The Tycho catalog was also compared to the grid image catalog, and 36 matches were found; the expected false rate is 8. Of the 36 matches, 14 are real radio stars reported above from the various matching strategies, three are known to be either Planetary Nebulae or galaxies, 6 are obvious sidelobes or noise in the raw grid images, and two are extragalactic double radio sources; the latter two categories account for the expected false rate. This -20 -leaves nine stars, of which at most a few are expected to be false. Three of the nine were reported above from the Tycho-FIRST catalog match (as were several of the demonstrably false matches); one new coincidence is an X-ray source, and we include it in Table 1 . After screening out obvious sidelobes by visual inspection of the grid images, we record in Table   2A the remaining matches which, as in the rest of that Table, may be one-third to one-half false.
6. Discussion
Previously known radio stars
Wendker 1995 has compiled a catalog of all stellar radio observations reported in the literature which is complete through June 30, 1993 and contains considerable information for a year beyond that date. It includes over 3000 distinct stars of which 821 have been detected at least once in the meter-wave to submillimeter-wave band, providing a rather complete census of the stellar radio work previously carried out in our survey region. The positions of all such stars included in this region were examined. In addition, we performed our own literature search on all objects detected from the above catalogs to cover the period 1993.5 to the present. in FIRST have ever been reported at flux densities above 0.7 mJy at 20cm (or sufficiently above this limit at a somewhat higher frequency as to make it likely that we would have detected the star if it were at the previously reported level of activity). We list the 12 radio stars which we did not detect in Table 3 along with their historical range of flux densities at the lowest frequency available and a three-sigma upper limit from the relevant FIRST image. Nine of the twelve have been previously detected as X-ray sources (although only seven appear in the RASS-BSC), both confirming the general correlation of X-ray and radio activity and admitting the possibility that the handful of our radio star candidates without X-ray counterparts are real detections.
While this heterogeneous, optically selected sample may include a different mean level of variability than our unbiased, radio-selected sample, our failure to detect 7 of the 17 previously known stars which have been seen above our threshold suggests an incompleteness in our radio-selected sample of roughly a factor of two.
The types of radio stars detected
While we have not yet carried out optical followup observations of the stars detected here for the first time at radio wavelengths, some of the detections are not unexpected.
Two of the new radio emitters are RSCVn binaries and another is a BY Draconis system; these two classes are among the most luminous of stellar radio emitters. Three others are dMe stars which have also long been known as radio sources. The remaining new detections are F, G, and K stars, most without luminosity classes; three are cataloged optical variable stars. V340 Gem is extremely luminous (up to L r ∼ 10 18 ergs −1 Hz −1 at its brightest), while -22 -the star with the brightest mean radio flux, FIRST J142104.8+385914, has an anomalously high X-ray-to-radio flux ratio. These objects may be among the first of the new classes of radio emitters that an unbiased survey such as the one we have conducted here can be expected to detect.
The fraction of radio-bright stars
Even at a threshold of ∼ 0.7 mJy, stellar radio emission remains rare. In Figure 1 , we plot the fraction of stars detected as a function of V -magnitude. The data for V < 10 include only detections and nondetections from the Hipparcos complete (magnitude-limited) sample in order to avoid biasing the estimate high as a consequence of the inclusion of fainter radio stars that were added to the Hipparcos input catalog because they were radio stars. The 10 < V < 11 bin is derived from the Tycho matches corrected for chance coincidences (and thus applies to the slightly higher flux density threshold of 1.0 mJy).
The error bars represent the Poisson errors based on the number of detected stars in each bin. The line representing the fraction of detected stars as a function of magnitude, log f (m) = −0.3m, is plotted for comparison and has no physical significance.
The fraction of stars detected falls below 1% at the threshold for naked-eye stars, and reaches 10 −3.5 at V=10.5. Owing to the highly variable nature of stellar radio emission and the incompleteness of our survey below 1 mJy noted above, this curve represents a lower limit; however, given the fraction of previously known radio stars we detect, it is probably not low by more than a factor of ∼ 2. The chance coincidence rate for radio source positions accurate to 1.0 is indicated; note that the empirical curve for the fraction of detectable stars intercepts this limit at V ∼ 14.5, while the corresponding limit for 2 positional uncertainties adopted in this paper is at V ∼ 12.5.
-23 -As Figure 1 suggests, our study has not exhausted the number of stellar radio sources which will ultimately be identified in the FIRST survey. To estimate the number of additional stars we could detect if good proper motions were available, we have used the Bahcall-Soniera (Bahcall and Soneira 1980) star count models for the FIRST survey area scaled up by a factor of two to match the observed GSC star counts in the range 5 < V < 12.
Multiplying the detected-fraction line in Figure 1 by this magnitude distribution yields predicted stellar detections of 44 objects with V < 11 and 63 objects with V < 12.5 (above which the GSC is complete and our 2 matching criterion is applicable), once adequate proper motion measurements from GSC-II become available. For specific classes of stars (e.g., dMe stars that could be selected by their very red colors or stellar X-ray detections),
we can substantially reduce the false rate and therefore go considerably fainter as indicated by our detection of two stars with V > 14 in this paper; at V < 15, we expect ∼ 100 radio star detections in the current FIRST region. Thus, combining a multicolor photometric survey such as the Sloan Digital Sky Survey with proper motions from GSC-II could easily quadruple the number of objects detected.
Summary and conclusions
We have completed the FIRST unbiased search for stellar radio emission by combining our 20cm VLA radio survey with several astrometric catalogs of bright stars. We detect 10 of the 17 stars in this 4760 deg 2 region of sky ever seen above 0.5 mJy at 20cm, and add a total of 16 new high-confidence detections, doubling the number of known stellar radio emitters; seven additional candidates for which the evidence is weaker are also identified.
Although this technique permits us to discover new classes of radio stars and to extend the range of properties of known classes of emitters, radio stars remain rare: < 10 −4 of FIRST radio sources are identified here as stars, and we detect only 3 × 10 −4 of the stars calculate the detected fraction; for 10 < V < 11 we use the statistics from our Tycho catalog match. As a consequence, the radio detection limits are slightly different (see text). The solid line is simply an empirical representation of the trend and has no physical meaning.
The dashed horizontal line represents the chance coincidence rate for an error circle of radius 1 .
